2 Spintronics relies on the use of current-induced torques for manipulating the magnetization of thin films and nanodevices (1). Owing to spin-orbit coupling, charge currents flowing in heavy metals, such as Pt, Ta or W, generate spin currents that exert a torque onto an adjacent ferromagnetic layer (2, 3). These so-called spin-orbit torques (SOTs) are capable of reversing the magnetization of ferromagnets in a highly efficient and ultra-fast manner (4-8) as well as driving domain walls at very high velocities (9-11). Most studies in this area, however, have been performed on ultrathin metallic ferromagnets, for which extensive characterizations of the domain wall (DW) structure and velocity have been reported (12) (13) (14) (15) (16) (17) (18) (19) (20) [27] [28] [29] [30] . These studies relied on magnetoresistance measurements in order to detect the orientation of the magnetization, from which the dynamics of the switching process cannot be inferred. In this work, we present a combined scanning nitrogen-vacancy (NV) magnetometry and spatially-resolved magneto-optic Kerr effect (MOKE) study of the DW structure and dynamics driven by SOTs in racetrack structures embedded in a TmIG layer. We demonstrate highly efficient current-induced DW motion in TmIG/Pt, with mobility comparable or larger than metallic ferromagnets, an extraordinarily low threshold for DW flow, and very small depinning fields. We further provide the first direct characterization of the DW width and internal structure in thin-film Figure 1A shows an optical image of a TmIG/Pt device. The structural, electric, and magnetic characterization of the TmIG film and the TmIG/Pt bilayer are reported in the Supplementary Materials (Section S1 and Figs. S1 and S2).
Spintronics relies on the use of current-induced torques for manipulating the magnetization of thin films and nanodevices (1). Owing to spin-orbit coupling, charge currents flowing in heavy metals, such as Pt, Ta or W, generate spin currents that exert a torque onto an adjacent ferromagnetic layer (2, 3) . These so-called spin-orbit torques (SOTs) are capable of reversing the magnetization of ferromagnets in a highly efficient and ultra-fast manner (4) (5) (6) (7) (8) as well as driving domain walls at very high velocities (9) (10) (11) . Most studies in this area, however, have been performed on ultrathin metallic ferromagnets, for which extensive characterizations of the domain wall (DW) structure and velocity have been reported (12) (13) (14) (15) (16) (17) (18) (19) (20) .
Magnetic insulators offer exciting perspectives for spintronic and magnonic applications beyond conventional metallic systems (21) . In particular, ferrimagnetic rare-earth garnets coupled to heavy metal layers have attracted attention due to the possibility of electrically exciting and detecting propagating magnons (22) (23) (24) (25) as well as for their low power and high frequency magnetization dynamics (26) . Despite increasing interest in such systems, however, the electrical manipulation of the equilibrium magnetization has not been investigated in detail. Current-induced switching of magnetic insulators has been only recently demonstrated in Tm 3 Fe 5 O 12 (TmIG) and BaFe 12 O 19 in combination with either Pt or W layers (27) (28) (29) (30) . These studies relied on magnetoresistance measurements in order to detect the orientation of the magnetization, from which the dynamics of the switching process cannot be inferred. In this work, we present a combined scanning nitrogen-vacancy (NV) magnetometry and spatially-resolved magneto-optic Kerr effect (MOKE) study of the DW structure and dynamics driven by SOTs in racetrack structures embedded in a TmIG layer. We demonstrate highly efficient current-induced DW motion in TmIG/Pt, with mobility comparable or larger than metallic ferromagnets, an extraordinarily low threshold for DW flow, and very small depinning fields. We further provide the first direct characterization of the DW width and internal structure in thin-film TmIG as well as TmIG/Pt bilayers. Previous studies in garnets were only able to provide estimates of the DW width based on indirect or diffraction-limited optical measurements, with reported values ranging from tens of nanometers to micrometers (31) (32) (33) (34) . Scanning NV magnetometry reveals that the DWs in TmIG films are only ~20 nm wide and have a well-defined chiral structure, which changes from left Néel in TmIG to intermediate left Néel-Bloch in TmIG/Pt. These findings evidence the presence of strong interfacial Dzyaloshinskii-Moriya interaction (DMI) in TmIG grown on substituted gadolinium gallium garnet Gd 3 Sc 2 Ga 3 O 12 (SGGG), which is attenuated by the deposition of Pt. The DMI is the key ingredient required to stabilize chiral Néel DWs in ferromagnets and ferrimagnets with perpendicular magnetization, which can then be driven by SOTs at very high velocities (10) (11) (12) (13) (14) (15) . In contrast with metallic ferromagnets, TmIG thin films support the formation of Néel DWs without introducing heavy metal layers. Our results show that ferrimagnetic garnets are ideal materials for fabricating efficient and high-speed DW racetracks. TmIG(8 nm)/Pt(5 nm) bilayers were grown on SGGG (111)-oriented substrates by a combination of pulsed laser deposition for epitaxial growth of the garnet and in-situ dc sputtering for Pt. The numbers between parentheses indicate the thickness of each layer. Pt current lines were patterned in the shape of Hall bars by optical lithography and selective etching of the metal, leaving the TmIG film un-etched (see Methods). Figure 1A shows an optical image of a TmIG/Pt device. The structural, electric, and magnetic characterization of the TmIG film and the TmIG/Pt bilayer are reported in the Supplementary Materials (Section S1 and Figs. S1 and S2).
The magnetic state of the TmIG film underneath the Pt current line, +m (up) or -m (down), can be read electrically by measuring the transverse Hall resistance , as shown in Fig. 1B during a sweep of the out-of-plane magnetic field . The measurement confirms that the films exhibit robust perpendicular magnetic anisotropy with a coercive field of about 40 Oe. In agreement with a previous report (27) , the magnetization of TmIG can be deterministically switched upon the application of a current pulse of sufficient current density in the presence of a constant in-plane field (Fig. 1C) .
The switching polarity is determined by the damping-like component of the SOT (2-4), which stabilizes +m for parallel to and -m for antiparallel to in TmIG/Pt. Notably, we found that full switching can be achieved with pulses of 1 ms at current densities below 10 7 A cm -2 for an in-plane field as small as | |=20 Oe, which confirms the high quality of our devices (see also Supplementary Materials Section S1).
A distinctive feature of our experiments is that TmIG covers the entire substrate, but switching occurs only in the region defined by the Pt current line. This is clearly seen in Fig. 1D , which shows a differential MOKE image of a TmIG/Pt device after the application of a current pulse. The bright contrast coinciding with the Pt current line shows the region where the magnetization has switched from -m to +m, demonstrating that it is possible to control the magnetization of a continuous TmIG film in a local way without altering the magnetic moments of the surroundings. Only in the presence of an out-of-plane field, or in the case of significant Joule heating, the switched magnetic domain may extend beyond the Pt line (see the Supplementary Materials Section S2). Such local control of the magnetization is unique to magnetic insulators due to the confinement of the current in the metal overlayer. As discussed further below, we also find that the surrounding magnetic medium influences the switching dynamics underneath the Pt current line. This is seen by the fact that a larger current is required for inducing down-to-up switching relative to up-to-down switching when starting from a homogenously magnetized TmIG film pointing down (Fig. 1C) , and vice versa starting from a homogenously magnetized layer pointing up (not shown).
As SOT-induced switching is strongly dependent on the DW structure (12-15), we use scanning NV magnetometry to reveal the DW magnetization profile in both TmIG and TmIG/Pt layers. The technique is based on a single NV defect located at the apex of a diamond tip, which senses the magnetic stray field B NV (X,Y) emanating from a magnetic surface with high spatial resolution ( Fig. 2A ) (17, 35, 36) . Figure 2B shows , ( ) = 0,
where defines the angle of the in-plane magnetization direction with respect to the X-axis, ∆ is the DW width, and the saturation magnetization. Figures respectively (see Methods). Despite the large uncertainty in ∆ , which is due to the weak dependence of NV on ∆ , the fits show that the DWs in 8-nm-thick TmIG are extremely narrow.
Moreover, we find that the DW have a Néel chiral structure in both TmIG/Pt and TmIG, which is characterized by the angles = (116 ± 33)° and = (173 ± 17)°, respectively. Thus, the DW changes from left-handed Néel to an intermediate left-handed Néel-Bloch configuration in going from
TmIG to TmIG/Pt, which is a compelling indication of the presence of negative DMI in the bare TmIG layer, most likely due to symmetry breaking at the SGGG/TmIG interface. The deposition of Pt reduces the DMI, which we ascribe to the presence of positive DMI at the TmIG/Pt interface, consistently with the sign of the DMI found in metallic ferromagnetic/Pt bilayers (14, 15, 17) . These findings have important consequences for the operation of DW racetracks in magnetic insulators, because the reduced ∆ favors the localization of DWs, whereas the finite DMI allows for their efficient manipulation by SOTs.
In order to prove this last point, we investigate the switching dynamics and current-induced DW motion below the Pt line. We refer to the switching of the magnetization starting from a homogeneously magnetized TmIG layer as forward switching (domain expansion), and to the return to a homogenous magnetic state starting from a reversed domain as backward switching (domain contraction). Figure 3A shows the relative change in the magnetization induced by a single forward switching current pulse as a function of and . Within the experimental error, we find that the switching diagram is symmetric upon inversion of or , indicating that the SOT efficiency is the same for up-to-down and down-to-up switching and independent on the current direction. Distinct to electrical reading (27) (28) (29) , which is only sensitive to the magnetic moments in the vicinity of the Hall cross (Fig. 1, B and C, and Fig. S5 ), MOKE measurements reveal that for a wide range of and only partial switching is achieved. We thus study the distribution and evolution of reversed magnetic domains induced by a sequence of current pulses. Since we expect an influence of the surrounding TmIG on the magnetization dynamics underneath the Pt current line (Fig. 1C) , and because the switching process is symmetric upon inverting both m and H (4, 8) , we investigate the forward and backward switching processes for one fixed initial state of the film (-m). contraction is significantly faster than domain expansion. The most likely cause for this behavior is the tendency of the reversed domain to shrink in order to reduce the DW energy (37) . Accordingly, we find that the minimum pulse length required to induce DW motion upon contraction is much smaller than for expansion (Fig. 3D) .
Measurements of the DW velocity are reported in Fig. 4 for an up-down DW as a function of and during both domain expansion and domain contraction. is evaluated by considering the total DW displacement after a sequence of current pulses of length as the DW moves along the Pt current line. Since the same does not allow for sampling a large , parameter space, we used longer (shorter) pulses for smaller (larger) , values. Note that the DW velocity remains almost constant when changing , indicating that it is not influenced by inertia (see Methods and Fig. S6 ).
Our measurements reveal robust DW velocities of up to ~200 m s -1 for domain expansion (Fig. 4A ) and ~400 m s -1 for domain contraction (Fig. 4B) , which are comparable to the ones found in all-metallic structures under similar conditions (9, 14, 15 , which is comparable to that observed in compensated metallic ferrimagnets (11, 38) . In contrast, most metallic ferromagnets feature = 0 in this current range (9, 10, 14, 15) .
The linear increase of with for expanding and contracting walls ( ) compared to conventional ferromagnetic layers (9, 10, 14, 15) . This behavior is attributed to the reduced depinning field of TmIG, ~1-2 Oe (see Fig. S7 ), which is one to two orders of magnitude smaller than in metallic and semiconducting ferromagnets with perpendicular magnetic anisotropy (39). Upon increasing the current, reaches a plateau between ~0.5 x 10 8 A cm -2 and ~1.0 x 10 8 A cm In agreement with the presence of DMI inferred from the DW magnetization profile, we observe a slightly larger when the DW moves against the direction of the current (red symbols in . This value is two to three orders of magnitude smaller than the DMI reported for ultrathin metallic ferromagnets/Pt (14, 15, 18) and one to two orders of magnitude smaller than that of ferrimagnetic metal/Pt bilayers (11) . As the DW mobility in the flow regime is proportional to Δ / , the large mobility and high DW velocities in TmIG/Pt appear as the direct consequence of the small and lowdamping  typical of garnet layers (31, 41) . By tuning the interfacial DMI, we anticipate that even larger may be reached at a relatively low current density.
Our results demonstrate fast current-driven DW motion in a magnetic insulator and provide first insight into the internal DW structure of thin garnet layers. The chiral Néel structure of the DWs in TmIG reveals that oxide interfaces support a finite DMI even in the absence of heavy metal layers, which makes it possible, in principle, to stabilize nontrivial topological configurations in insulating magnetic thin films, such as spin spirals and skyrmions. The low current threshold for DW flow and the large DW mobility, combined with the possibility of defining DW racetracks embedded in a continuous magnetic medium, make TmIG extremely attractive for spintronic applications. Local control of the magnetization is unique to magnetic insulators, which opens the possibility of printing arbitrary circuit paths enabling, for instance, the implementation and in situ reconfiguration of synthetic magnetic structures with tailored magnonic bands (21, 42) and nanomagnonic waveguides (43, 44).
Methods:
Films growth and devices fabrication. The TmIG thin films were grown by pulsed laser deposition on The relative change in the magnetization shown in Fig. 3A was evaluated by integrating the differential MOKE signal along the Pt current line (corresponding to the bright area in Fig. 1D ) after the application of a single current pulse starting from a fully magnetized state.
For the domain expansion measurements (Fig. 4 , A and C), an initial domain was nucleated by a single current pulse at a defect site near the center of the Hall bar. For the domain contraction experiments (Fig. 4 , B and D), the initial domain was generated by switching the area underneath the Pt current line with a single current pulse of = 150 ns, | | = 0.94 x 10 8 A cm -2 and | | = 125 Oe, leading to a domain as the one shown in Fig. 1D .
In order to compare the DW velocities obtained for domain expansion and domain contraction, we studied the same DW moving back and forth over the same area. The case presented in Fig. 4 corresponds to an up-down DW moving between the center and the right end of the Hall bar. The DW velocity DW was evaluated by measuring the total DW displacement ∆ (as identified by direct MOKE imaging) obtained after the application of a series of p current pulses of width p , yielding DW = ∆ / ( p p ). The pulses were applied at a frequency of 1 Hz in order to minimize the heat load during the experiment. DW was found to be nearly independent of p -only showing a slight increase of 10% or less when doubling the pulse length, which we attribute to Joule heating-indicating that the DW motion coincides with the pulse duration (see Fig. S6 for more details).
Scanning NV magnetometry. Spatially resolved scans of the magnetic stray field produced by a DW in
TmIG (see Fig. 2A ) were acquired on a home-built nanoscale scanning diamond magnetometer (NSDM)
microscope. Experiments were carried out in ambient environment and at zero magnetic bias field.
The NSDM employed a monolithic diamond probe tip with a single NV center implanted at the apex (QZabre LLC, www.qzabre.com). The NV center spin resonance was monitored by optically-detected magnetic resonance (ODMR) spectroscopy (36)(46) using a nearby microwave antenna (~2.9 GHz) for spin excitation and fluorescence microscopy (532 nm excitation, 630-800 nm detection) for spin state readout. To convert the spin resonance frequencies to units of magnetic field, we fitted the ODMR spectrum to a double Lorentzian and extracted the frequency difference Δf between the resonance peaks. The detected field is then given by | | = π Δ , where γ = 2π ⋅ 28.0 GHz/T is the electron gyromagnetic ratio. To re-establish the relative sign of , we inverted ( → − ) the image on one side of the DW (Fig. 2B ). Note that scanning NV magnetometry provides a vector projection of the magnetic field,
because the NV center is sensitive only to fields that are parallel to its symmetry axis By assuming that the magnetization is predominantly out-of-plane, we further reconstructed a magnetization map from the magnetic field map by using
where is a low-pass filter (cutoff = ) that suppressed high spatial frequencies in the image (48).
The resultant magnetization map is plotted in Fig. 2C . Note that while the magnetic domains of TmIG and TmIG/Pt are well reproduced, the reconstruction slightly overestimates near the DW due to the left Néel character of the DW.
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Supplementary All authors contributed to the scientific discussion and manuscript revision. . The results show that it is easier to move a DW than to nucleate a domain, and that the onset of DW motion is lower for contraction relative to expansion. According to the theory of the spin Hall magnetoresistance (SMR), the first harmonic response of the magnetoresistance in TmIG/Pt can be described as (27, 49):
where and denote the polar and azimuthal angle of the normalized magnetization vector = / ( , , ) collinear to the applied field (see Fig. S2A ), W/2L = 0.1 is the width/length ratio of the measuring configuration of the Hall bar (i.e., 10/100, see , with a corresponding ratio r / ~ 32, which is consistent with literature values for magnetic insulator/heavy metal bilayers (27, 28, 54, 55) and confirms the high quality of the TmIG/Pt interface.
Section S2. Influence of the presence of an applied out-of-plane field, current-induced
Oersted fields and Joule heating on the magnetization switching process.
As presented in the manuscript, a precise control of the magnetic moment underneath the Pt current line can be achieved in a continuous TmIG film by applying current pulses in the Pt line without altering the magnetic moments of the surrounding (Fig. 1D) . However, the extremely small depinning field of the DWs in TmIG, ~1-2 Oe (see Fig. S7 ), makes the dynamics of the magnetization switching by current pulses to be extremely sensitive to the presence of any tiny out-of-plane magnetic field. Fig. S3 shows a sequence of differential MOKE images taken during forward switching in the presence of an out-ofplane field ~ 2 Oe, showing that in contrast to what is observed in Fig. 1D and These measurements indicate that the accuracy in the alignment of the sample for the measurements presented in the manuscript is better than 0.1°. For a negative current, a positive (negative) out-of-plane Oersted field is generated at the bottom (top)
edge of the Pt current line, and vice versa upon inverting the current direction. These Oersted fields can influence the switching dynamics given the extremely small DW depinning field in TmIG ~1-2 Oe (see Fig. S7 ). Therefore, for current pulses inducing the contraction of a +m domain (bright regions) in a -m medium (black regions), the negative out-of-plane Oersted field generated at the top (bottom)
edge of the Pt current line for a negative (positive) current is sufficient to induce the depinning of the DW at the edge, pushing it towards the center of the line. As a result, the domain contraction has both transverse and longitudinal components, driven by the SOT and Oersted field, respectively (see images in A and B). We thus determine that the DW depinning field in TmIG is on the order of ~1-2 Oe. nucleation of domains at large current densities. Images #1 to #4 correspond to a series of forward switching current pulses. In contrast to low current densities, where nucleation takes place at a defect site (see Fig. 3B and Fig. S3 ), here the nucleation takes place preferentially in the region comprised between two adjacent Hall crosses (not right at the cross, see #2), where the current density is larger. The finite left-handed Néel chirality of the DWs reflects the negative DMI found in TmIG/Pt (see Fig. 2 and velocities when moving against (towards) , which is consistent with the results presented in Fig. 4 and Fig. S9 .
Section S3. Scanning NV magnetometry
Definition of the polar angles  NV and  NV Fig. S11 . Definition of the polar angles  NV and  NV with respect to the laboratory coordinate frame (see Fig. 2 ).  NV = (55 ± 2)° is determined by sample fabrication. Analysis of the stray field B NV allows us to determine that  NV = (83 ± 3)°.
Determination of the stand-off distance d:
The sample-to-sensor distance d is inferred in situ from the change in the stray field B NV at the TIG/Pt edge (see Fig. 2B ) due to the different magnetic response of TmIG relative to TmIG/Pt (see Fig. 2C ), which we mainly attribute to a proximity induced polarization of the Pt layer (see second dataset taken in a reference TmIG film). The change in magnetization gives rise to a stray field that is added to the field produced by the DW. In order to disentangle both fields we use a differential approach by shifting the images along the y-axis and subtracting them from each other, see Fig. S12 . In this way we cancel the domain wall stray field and end up with a stray field showing only two Pt edges. The magnetic stray field emanating from the Pt edges, with the image orientated such that they are aligned with the ydirection, can be described analytically as 
where 0 , 1 denote the edge positions and , is the surface magnetization of Pt. By fitting this model to the experimental line scan we can extract a value for the stand-off distance d and , . Further fit parameters are the edge positions and the azimuth angle of the NV vector orientation. To improve statistics and estimate the error, we fit several line scans across the stripe using the same starting parameters and extract the mean value and standard error. For the image shown in Fig. 2B and Fig. S12 , we obtain = 104 ± 3.3 nm. Further stand-off distance measurements on a separate calibration sample (Pt/Co/AlOx) before and after the domain wall measurement are in good agreement with this value. To compensate for the fact that we have not included the height profile of the stripe as well as the Dzyaloshinskii-Moriya interaction, we deliberately over-estimated the error in the standoff distance to be larger than the fit errors and set it to 5 nm. 
Fits of the domain wall magnetization profile:
We fit several line scans of the DW in TmIG and TmIG/Pt using the same starting fit parameters as 
2 . The last term describes the uncertainty due to the error of the stand-off distance . Since the fitting algorithm assumes the stand-off distance to be fixed, it is not included in the fitting results directly. We estimate ̅ ̅ via finite differences by repeating the fitting procedure with the stand-off distance equal to the error boundaries ± = ̅ ± with ̅ = 104 nm.
Second dataset: reference TmIG film
We recorded a second dataset with a different scanning probe ( = 66 ± 6 nm) on an unprocessed . These values are consistent with the ones presented in Fig. 2 for TmIG(8.3 nm), supporting the finding of a strong DMI in an alloxide structure without the presence of a metallic heavy metal layer.
